Introduction {#sec1-1}
============

Neonatal hypoxic-ischemic encephalopathy (HIE) affects between 1 and 8 per 1000 live births in the United States each year, and up to 26 per 1000 live births in developing countries (Kurinczuk et al., 2010). Despite the standard use of therapeutic hypothermia, moderate to severe HIE continues to result in death or significant neurodevelopmental delays in 40--50% of patients (Douglas-Escobar and Weiss, 2015; Parikh and Juul, 2018). The use of stem cell transplantation has recently emerged as a promising supplemental therapy to further improve the outcomes of infants with HIE.

A recent pilot study assessing infants with HIE treated with hypothermia plus autologous umbilical cord blood (UCB) *versus* infants treated with hypothermia alone demonstrated that 74% of the UCB-treated infants survived to one year with Bayley Scales of Infant and Toddler Development III scores ≥ 85 *versus* 41% of the infants receiving hypothermia alone (Cotten et al., 2014). The study size was small, but it was the first to demonstrate feasibility and short-term safety of UCB transplantation in this population. Although UCB transplantation has shown promise in this population, and the use of UCB avoids the ethical concerns that are raised by the use of fetal stem cells, the availability of trained staff to safely and successfully collect UCB is often limited. In addition to access concerns, the risk profile of UCB transplantation has not been fully evaluated (Ballen, 2017).

As with any new therapy, the promise of stem cell transplantation to improve outcomes of neonatal HIE carries with it the need to establish the underlying mechanisms of action. Several recent studies have demonstrated that the upregulation or overexpression of factors on exogenous stem cells prior to injection can improve their migration and therapeutic effect in models of lung injury, liver failure, limb ischemia, and stroke (Cui et al., 2017; Wang et al., 2017; Xiang et al., 2017; Jimenez et al., 2018). As demonstrated by these studies, understanding the signaling mechanisms between the injured tissue and the stem cells may provide the opportunity to modify the signals through manipulation of the exogenous stem cells, allowing for improved efficacy and safety. As the types of active factors vary over time, therapies utilizing modified stem cell expression may take advantage of these variations to allow for different treatment approaches depending on the phase of injury.

Endogenous mesenchymal stem cells (MSCs) have been found to mobilize into the peripheral circulation after tissue ischemia. After mobilization, or when exogenous cells are transplanted, the cells must then migrate to the injured tissue. At the site of the injured tissue, the MSCs aid in tissue repair *via* paracrine mechanisms, local progenitor cell proliferation, and/or directly undergo adhesion and integration into the injured tissues (Deng et al., 2011; Rennert et al., 2012). In this paper, we review the biomarkers that have been found to be elevated in HIE (summarized in **[Table 1](#T1){ref-type="table"}**), and evaluate their roles in the mobilization, migration, cell adhesion, and proliferation of stem cells. Altering the ability of exogenous stem cells to home to injured tissue by manipulating their expression profiles could potentially improve the safety and efficacy of exogenous stem cell transplantation for neonatal brain injury.

###### 

Key features of the factors elevated after neonatal hypoxic-ischemic brain injury

![](NRR-13-1125-g001)

Stem Cell Mobilization {#sec1-2}
======================

Stem cells are localized in microenvironments known as "niches" that exist throughout the body, including the bone marrow (BM), where stem cells are maintained in undifferentiated and self-renewable states. Stem cell mobilization is the process by which stem cells are released from these niches into the peripheral circulation. Although transplanted stem cells do not require mobilization, as they are commonly injected directly into the circulation, the process of mobilization is discussed here to support the possibility that upregulation of certain factors on the transplanted cells could lead to increased mobilization of endogenous cells. This would be especially important in allogeneic transplants, to attempt to minimize the dose of foreign cells that would need to be used.

There are several signaling molecules involved in maintaining stem cells in niches that can be modified to allow for stem cell mobilization. Most of the research on these signaling molecules has been done in hematopoietic stem cell (HSC) lines, and there remains a paucity of data on mesenchymal stem cell (MSC) niches. Because of this, much of the data presented in this section will represent studies in HSCs, with the likelihood that many of these signaling mechanisms may similarly affect MSCs. Two receptors involved in stem cell mobilization include CXC chemokine receptor 4 (CXCR4) and c-kit. CXCR4 and c-kit are expressed by HSCs and bind to stromal cell-derived factor 1 (SDF-1) and stem cell factor (SCF), respectively, on the BM endothelium (**[Figure 1](#F1){ref-type="fig"}**). In addition, both MMP-9 and plasminogen activators (PAs) have been found to be elevated after neonatal HIE and are factors involved in the process of stem cell mobilization (**[Figure 2](#F2){ref-type="fig"}**).

![Receptor-ligand binding to maintain hematopoietic stem cells (HSC) quiescent in the bone marrow niche.\
(A) HSCs are maintained in the bone marrow niche through molecular interactions including CXCR4 binding to SDF-1 and c-kit binding SCF. AMD3100 is a CXCR4 antagonist which induces stem cell mobilization. (B) When these interactions are disrupted, SDF-1 and SCF are released and HSCs are mobilized. CXCR4: CXC chemokine receptor 4; HSC: hematopoietic stem cell; SCF: stem cell factor; SDF-1: stromal cell-derived factor 1.](NRR-13-1125-g002){#F1}

![Stem cell mobilization.\
†G-SCF causes stem cell mobilization through direct plasminogen-mediated downregulation of SDF-1 and MMP-9 dependent release of SCF. ‡Tissue and urinary plasminogen activators promote MMP-9 mediated release of SCF and decrease SDF-1 levels in the bone marrow. ◊SDF-1 and VEGF stimulate release of pro-MMP-9 which results in increased SCF and stem cell mobilization. \*Aprotinin is a plasminogen inhibitor which consequently inhibits MMP-9 activation and stem cell mobilization. G-CSF: Granulocyte colony-stimulating factor; MMP-9: matrix metalloproteinase 9; SCF: stem cell factor; SDF-1: stromal cell-derived factor 1; t-PA: tissue-type plasminogen activator; u-PA: urinary-type plasminogen activator; VEGF: vascular endothelial growth factor.](NRR-13-1125-g003){#F2}

SDF-1 or CXCL12 {#sec2-1}
---------------

SDF-1 is a member of the CXC chemokine family that is primarily released by bone marrow stromal cells and is a key component in stem cell mobilization (Matthys et al., 2001). After hypoxic-ischemic injury, hypoxia-inducible factor-1 (HIF-1) increases the gene expression of SDF-1 (Ceradini et al., 2004). SDF-1 release by the astrocytes and endothelial cells is proportionate to the level of hypoxia and is elevated one to seven days following HIE. The time to peak concentration appears to vary depending on the model used, between about three days after injury in neonatal mice and seven days after injury in neonatal rats (Miller et al., 2005; Yu et al., 2015).

Human BM endothelium constitutively expresses SDF-1 which binds to the CXCR4 receptor on the cell surface of CD34^+^ stem cells (**[Figure 1](#F1){ref-type="fig"}**) (Peled et al., 1999). A reduction in the SDF-1 concentration within the bone marrow niche results in mobilization of stem cells despite stimulating upregulation of the BM CXCR4 receptors (Petit et al., 2002). Although both of the previous studies assessed HSCs, several studies have also investigated the role of SDF-1 in MSCs. CXCR4 expression has been shown to be upregulated in MSCs pretreated with SDF-1 as well as after hypoxic conditions (Yu et al., 2015). Additionally, inhibition of CXCR4 increased the number of circulating MSCs in a mouse model of bone injury (Kumar and Ponnazhagan, 2012).

SCF {#sec2-2}
---

SCF (a.k.a. steel factor, kit ligand, mast cell growth factor) is a hemopoietic cytokine that binds to the tyrosine kinase receptor c-kit (Qiu et al., 1988). SCF in the bone marrow niche binds to c-kit on stem cells to maintain their quiescent state, and when SCF is solubilized and the bond is disrupted, stem cells are mobilized. SCF and c-kit expression are elevated throughout development and adulthood in neural cells, hematopoietic stem cells, and germ cells (Matsui et al., 1990; Motro et al., 1991; Manova et al., 1992), and SCF is involved in the regulation of the activity of astrocytes, oligodendroglia, and microglia (Ida et al., 1993; Zhang and Fedoroff, 1997, 1999). SCF expression is upregulated in central nervous system injury and inflammation, and has been found to be increased 4 to 24 hours after hypoxic injury in rodent forebrain neuronal cultures (Jin et al., 2002a). One of the factors leading to the release of soluble SCF is matrix metalloproteinase (MMP)-9, which induces HSC mobilization and hematopoietic recovery through its effects on SCF (Heissig et al., 2002).

MMP-9 {#sec2-3}
-----

Matrix metalloproteinases are enzymes primarily responsible for degradation of extracellular matrix proteins, but also release ligands, inactivate cytokines, and cleave receptors (Van Lint and Libert, 2007). MMP-9 is a protease produced by vascular endothelial cells, infiltrated neutrophils, and activated microglia in ischemic brain (Kolev et al., 2003; Rosell et al., 2006). Levels of MMP-9 are elevated in HIE, with increased levels corresponding to increased severity of HIE (Sunagawa et al., 2009; Bednarek et al., 2012). Similar to SDF-1, MMP-9 levels appear to vary by species, as they can be elevated in adult mice as early as 4 hours after the hypoxic event (Gasche et al., 1999), but in a neonatal rat model, the levels did not increase until 24 hours post-hypoxic injury (Adhami et al., 2008).

In human neonates, MMP-9 has been found elevated up to six hours after birth, with higher levels in asphyxiated neonates with neurologic sequela compared to those without neurologic sequela. This significant difference in MMP-9 level resolved by day 1 of life, suggesting that MMP-9 may play an early role in humans (Sunagawa et al., 2009). In the later phases of recovery, MMPs appear to take on more beneficial roles. MMP-9 was found to be elevated 7--14 days after stroke in a rat model, and inhibition of MMP in this model caused suppression of neurovascular remodeling, impaired functional recovery, and increased brain injury (Cunningham et al., 2005; Zhao et al., 2006; Yang and Rosenberg, 2015). MMP-9 may have limitations as a biomarker of HIE in premature infants, as plasma MMP-9 levels are significantly lower in infants born at 25--27 weeks gestation (Bednarek et al., 2012).

MMP-9 also functions in promoting release of extracellular matrix-bound or cell-surface-bound cytokines that activate stem cell mobilization. One of these cytokines is SCF, as MMP knockout mice demonstrate significantly lower levels of SCF than wildtype. Additionally, MMP-9 has been shown to induce HSC mobilization *via* interleukin (IL)-8 in non-human primates (Pruijt et al., 1999). Conversely, MMP-9 can be upregulated by other factors that are active in stem cell regulation, such as SDF-1 and vascular endothelial growth factor (VEGF), which stimulate release of pro-MMP-9, resulting in increased SCF plasma levels and mobilization of CD34^+^ stem cells (Heissig et al., 2002).

PAs {#sec2-4}
---

Plasmin is a serine protease that acts in fibrinolysis, extracellular matrix degradation, and activation of MMPs, and may further brain damage in ischemic injury *via* extracellular proteolysis and cell degradation (Oranskii et al., 1977; Junge et al., 2003). Tissue-type and urinary-type PAs (t-PA & u-PA) are elevated after injury in a rat model of neonatal cerebral hypoxia (Adhami et al., 2008). This may be unique to neonatal hypoxic injury, as the same study demonstrated that elevations of t-PA and u-PA concentrations were not observed in adult rats after the same injury. Although PA concentrations increase in the first four hours after injury, corresponding to the increased fibrin deposition seen, t-PA and u-PA levels remain elevated well beyond that period, up to 24 hours after injury. Due to expression of t-PA and u-PA by macrophages and astrocytes outside of the vasculature, it has been suggested that the prolonged period of elevation may result in plasmin-mediated cytotoxicity. Supporting this theory, investigators have demonstrated that plasmin inactivation by alpha-2-antiplasmin within two hours of hypoxic-ischemic (HI) injury leads to a dose-dependent decrease in brain injury after 1 week, and t-PA knockout mice have a 69% increase in short term mortality after HI injury. Additionally, increase HIE-associated brain damage was seen with ventricular injection of t-PA (Adhami et al., 2008). Similar to MMP-9, plasmin's pro-injury roles in HIE may be balanced by its involvement in stem cell mobilization. Plasmin is closely related to MMP-9, as activation of plasminogen and the fibrinolytic cascade promotes MMP-mediated release of SCF (Heissig et al., 2007). Granulocyte colony-stimulating factor (G-CSF) is also involved in this pathway, as G-CSF induces HSC mobilization *via* direct plasminogen-mediated downregulation of SDF-1 and an MMP-9 dependent upregulation of SCF (Heissig et al., 2002; Gong et al., 2011). Further, a plasminogen antagonist, aprotinin, inhibited G-CSF induced HSC mobilization and MMP-9 activation (Gong et al., 2011) (**[Figure 2](#F2){ref-type="fig"}**).

Stem Cell Migration {#sec1-3}
===================

Once stem cells are released from the BM niche into peripheral circulation, they must then migrate to the specific areas of the body where they are needed. **[Figure 3](#F3){ref-type="fig"}** demonstrates several of the factors that have been found to be elevated after HIE and are involved in stem cell migration, and **[Figure 4](#F4){ref-type="fig"}** illustrates the MSC receptors involved in migration and their corresponding ligands.

![Stem cell migration.\
†HIF-1 induces expression of EPO. EPO causes MSC migration through an EPO receptor on MSCs and through increasing levels of VEGF and BDNF. ‡IL-1β released at the injured site in HIE causes secretion of MCP-1 and MIP-1α. ◊TNFα causes MCP-1 dependent migration of neural progenitor cells. \*SDF-1, SCF, BDNF, MCP-1, and MIP-1α all induce migration of MSCs. BDNF: Brain-derived neurotrophic factor; EPO: erythropoietin; HIF-1: hypoxia inducible factor 1; IL-1β: interleukin 1β; MCP-1: monocyte chemoattractant protein-1; MIP-1α: macrophage inflammatory protein-1α; MSC: mesenchymal stem cell; SCF: stem cell factor; SDF-1: stromal cell-derived factor 1; TNFα: tumor necrosis factor α; VEGF: vascular endothelial growth factor.](NRR-13-1125-g004){#F3}

![Chemotactic ligands at the site of injured tissues and stem cell receptors involved in migration.\
EPO: erythropoietin; MCP-1: monocyte chemoattractant protein-1; MIP-1α: macrophage inflammatory protein-1α; MSC: mesenchymal stem cell; SCF: stem cell factor; SDF-1: stromal cell-derived factor 1.](NRR-13-1125-g005){#F4}

Erythropoietin (EPO) {#sec2-5}
--------------------

EPO is best known for its role in the regulation of erythropoiesis (Erslev, 1953); however, it also has protective and reparative abilities in the heart (Teixeira et al., 2012), spinal cord (Xiong et al., 2011), bone (Chen et al., 2014), kidneys (Liu et al., 2013), and brain (Khairallah et al., 2016). EPO has been found to upregulate VEGF and angiogenesis, serve as a direct angiogenic factor, inhibit apoptosis, increase differentiation of MSCs, and mobilize endothelial progenitor cells (Ribatti et al., 1999; Heeschen et al., 2003; Liu et al., 2013; Chen et al., 2014). EPO is primarily secreted by the kidney, but can also be released by astrocytes, and is elevated in neonatal HIE. The highest plasma and CSF levels of EPO are found right after hypoxic injury (Marti et al., 1996; Juul et al., 1999), and its release is in part due to HIF-1-induced upregulation (Prass et al., 2003). EPO may also induce MSC migration and facilitate angiogenesis *via* the EPO receptor expressed on human MSCs (Zwezdaryk et al., 2007) (**[Figure 4](#F4){ref-type="fig"}**). In a rat model of spinal cord injury, EPO was demonstrated to increase migration of transplanted bone marrow MSCs to site of injury, increase brain-derived neurotrophic factor (BDNF) and VEGF expression, decrease neuronal apoptosis at the injury site, and hasten clinical neurologic recovery at 28 days post injury compared to both sham treatment and treatment with stem cells alone (Li et al., 2017).

Given the studies suggesting EPO may have a role in both neuroprotection and MSC migration, several investigators have begun assessing the effects of exogenous EPO administration on neonatal HIE (Parikh and Juul, 2018). Although the doses and intervals have varied, multiple clinical studies have now demonstrated that EPO administered immediately after HI injury, and in combination with therapeutic hypothermia, decreases seizure activity and endogenous nitric oxide production, and results in improved neurodevelopmental outcomes or death at 6-18 months of age (Zhu et al., 2009; Elmahdy et al., 2010). Additionally, EPO combined with therapeutic hypothermia results in lower brain injury on MRI and improved motor scores at 1 year of age over control infants who received hypothermia and placebo (Wu et al., 2016). Additional large multi-center studies are ongoing, with high-dose erythropoietin for asphyxia and encephalopathy (HEAL) hoping to recruit 500 newborns in the United States (Kawahara et al., 1997) and EPO for hypoxic ischaemic encephalopathy in newborns (PAEAN) hoping to recruit 300 newborns in Australia (Plumier et al., 1997).

SDF-1 {#sec2-6}
-----

In addition to stem cell mobilization, SDF-1 also plays a role in migration of stem cells to sites of injury. In a rat model of cerebral hypoxia, SDF-1 was found to be highly expressed at lesion sites in the hippocampus, corpus callosum, and periventricular areas, correlating with the sites of human UCB stem cell migration after intraperitoneal injection. Additionally, administration of an SDF-1 inhibitor resulted in a decrease in the number of UCB cells found in the lesioned areas of the brain (Rosenkranz et al., 2010). Similarly, treatment with a CXCR4 antagonist, AMD3100, also prevents MSC migration to HI-injured brain (Wang et al., 2008; Yu et al., 2015). Because AMD3100 also inhibits interaction of CXCR4 with SDF-1 within the bone marrow, administration results in more stem cells mobilized into peripheral circulation, but those stem cells have decreased migration to specific sites along the SDF-1 gradient (**[Figure 1](#F1){ref-type="fig"}**) (Cashen et al., 2007). Likely related to its role in stem cell mobilization, intracranial administration of SDF-1 decreased intracranial inflammation, induced cerebral re-myelination, and improved memory and spatial perception in a neonatal mouse model of cerebral hypoxia (Mori et al., 2015).

SCF {#sec2-7}
---

Much like SDF-1, SCF also plays dual roles in both stem cell mobilization and migration. Although SCF's role in stem cell migration has been demonstrated in neural progenitor cells (NPC) in several other types of injury, there is a paucity research assessing this factor's effects on MSCs and after hypoxic brain injury. In a mouse model of hypothermic injury, Sun *et al* demonstrated upregulated gene and protein levels of SCF in injured areas of the brain, which induced NPC migration (Sun et al., 2004). Additionally, recombinant SCF induced migration of mouse embryonic stem cells after neural induction (Serfozo et al., 2006). In non-neural tissues, SCF is also activated in injury and has been shown to enhance diabetic wound healing in mice through skin stem cell migration and increases in expression of HIF-1 and VEGF (Zgheib et al., 2015).

BDNF {#sec2-8}
----

BDNF is secreted by neurons and astrocytes in the central nervous system and plays an important role in neuronal maintenance and survival (Hohn et al., 1990). Mice born without the tyrosine kinase receptor for BDNF do not feed normally and display neuronal deficiencies in their facial motor nucleus, spinal cord, and peripheral nervous system (Klein et al., 1993). BDNF levels from cord blood and serum samples taken in the first few days of life are higher in full term infants *versus* premature infants, reflecting advancing maturity of the nervous and immune system (Malamitsi-Puchner et al., 2004). BDNF may also play a role in brain injury, as it is found at increased levels in the serum after HIE. Elevated BDNF levels at 72 hours of life in term newborns with HIE is a poor prognostic factor and suggests severe brain injury (Imam et al., 2009).

BNDF, as well as other neurotrophins, has been shown to increase migration of multipotent astrocytic stem cells *in vitro* and neuronal cells *in vivo* (Benraiss et al., 2001; Chmielnicki et al., 2004; Douglas-Escobar et al., 2012). It stimulates migration of stem cell progenitors in the cerebellum, and while BNDF knockout granule cells lack the ability to migrate appropriately, administration of exogenous BDNF restores their ability to migrate out of the external granule cell layer (Borghesani et al., 2002). Additionally, BNDF has been shown to be neuroprotective in a neonatal rat model of hypoxic-ischemic injury, likely *via* activation of the extracellular signal-related kinase (ERK) pathways (Han and Holtzman, 2000). A single intraventricular injection of BDNF decreased hypoxia-ischemia induced brain tissue loss in a 7-day old rat model by 90% when injected prior to injury and by 50% when injected after the insult. Less protection was seen after injection in 21 day old rats, indicating more robust BDNF effects in the more immature brain (Cheng et al., 1997).

VEGF {#sec2-9}
----

VEGF plays a role in regulating both vasculogenesis and angiogenesis and is vital for brain development (Millauer et al., 1993). VEGF mediates neuronal growth and maturation in the CNS through binding the VEGFR2 receptor (Khaibullina et al., 2004; Jin et al., 2006), and is a key component in exercise-induced hippocampal neurogenesis (Fabel et al., 2003). VEGF is secreted by astrocytes and neurons (Alvarez et al., 2013), and has been found to be elevated in both the CSF and serum in human neonates with HIE (Aly et al., 2009; Vasiljevic et al., 2011). VEGF is elevated immediately following HI injury in human neonates (Aly et al., 2009) and remains elevated for up 14 days in a neonatal rat model of HI brain injury (Huang et al., 2004; Chen et al., 2012). Studies have shown that CSF levels of VEGF in human neonates correlate with severity of HIE, however correlation of serum levels with severity have demonstrated mixed results (Ergenekon et al., 2004; Aly et al., 2009).

In addition to VEGF's role in angiogenesis during hypoxia, it also increases NPC migration in response to interaction with VEGF receptor 2 (Ramirez-Rodriguez et al., 2017). Although VEGF stimulates migration of stem cells in a dose dependent manner *in vitro*, *in vivo* studies have been unable to show this phenomenon with VEGF signaling alone (Schmidt et al., 2005). VEGF also induces migration of MSCs, although the increased migration appears to be associated with decreased MSC differentiation (Wang et al., 2015).

Tumor necrosis factor α (TNFα) {#sec2-10}
------------------------------

TNFα is a pro-inflammatory cytokine with roles in cell signaling during acute inflammatory states (Old, 1985; Havell, 1987), but also affects sleep regulation and embryonic development (Wride and Sanders, 1995; Krueger et al., 1998). In brain injury, TNFα is released from microglia, astrocytes, and neurons (Silverstein et al., 1997) and is involved in neuronal apoptosis and disruption of the blood brain barrier. Intracranial TNFα levels have been found elevated 4--24 hours post HI injury in neonatal rats (Szaflarski et al., 1995), and CSF levels have been found to peak at 6 hours post HI injury in human neonates (Oygur et al., 1998; Silveira and Procianoy, 2003). Serum TNFα levels in humans can be significantly elevated within 24 hours of injury (Oygur et al., 1998; Silveira and Procianoy, 2003; Aly et al., 2006; Liu and Feng, 2010).

High levels of TNFα are likely neurotoxic; however, some studies suggest TNFα at lower levels may have neuroprotective effects. Despite studies demonstrating that elevated TNFα levels worsen neuropathological outcomes after nitric oxide-induced neurotoxicity (Blais and Rivest, 2004), mice completely lacking TNFα activity demonstrate increased neuronal injury after nitric oxide-induced brain damage, as well as decreased early microglial activation (Turrin and Rivest, 2006). Additionally, exposure of neonatal mouse subventricular zone stem cells to low levels of TNFα (1 ng/mL) causes neuronal differentiation and stem cell proliferation, while higher levels of TNFα (10--100 ng/mL) causes apoptosis of the stem cells (Bernardino et al., 2008). The increased migration of neural progenitor cells induced by TNFα appears to act through several mediators. One study showed that migration is inhibited in monocyte chemoattractant protein-1 (MCP-1) knockout mice (Belmadani et al., 2006), while others showed migration through upregulation of intracellular adhesion molecule (ICAM)-1 (Fu et al., 2009) and vascular cell adhesion protein (VCAM)-1 expression (Xiao et al., 2012).

MCP-1/macrophage inflammatory protein-1α (MIP-1α) {#sec2-11}
-------------------------------------------------

MCP-1, also called CCL-2, was the first member of the C-C chemokine family discovered in humans, and its primary action is to induce chemotaxis of monocytes, memory T cells, and natural killer cells (Van Coillie et al., 1999; Deshmane et al., 2009). MIP-1α, also called CCL3, is also a C-C chemokine which plays a role in the chemotaxis of neutrophils, macrophages and T cells (Taub et al., 1993; Koch et al., 1994). MCP-1 and MIP-1α both appear to have similar chemotactic effects in stem cell migration, promoted *via* MCP-1 binding to receptor CCR2 and MIP-1α binding to CCR1 and CCR5 on the surface of stem cells (Belmadani et al., 2006; Jiang et al., 2008). MCP-1 levels are increased 2.5 to 48 hours after HI injury (Ivacko et al., 1997), while MIP-1α is released by astrocytes and neurons with levels elevated 4 hours to 5 days after HI injury (Cowell et al., 2002; Pimentel-Coelho et al., 2012).

IL-1β {#sec2-12}
-----

IL-1β is a member of the interleukin 1 cytokine family produced by activated macrophages. It is an inflammatory mediator involved in cellular apoptosis, differentiation, and proliferation (No authors listed, 2018). IL-1β is also highly expressed in prenatal and postnatal brain development and guides radial migration of neural progenitors in rat neocortex development (Dziegielewska et al., 2000; Ma et al., 2014). Astrocytes release IL-1β during the acute phase of HIE (Orzylowska et al., 1999; Lau and Yu, 2001), and levels are elevated in both the CSF and serum of human neonates within 24 hours post HI-injury (Aly et al., 2006). Elevated levels predict poor prognosis in HIE, as up to 88% of patients with elevated IL-1β post HIE have abnormal neurologic outcomes at 6 months of age (Aly et al., 2006; Liu and Feng, 2010).

When expression of IL-1β is inhibited, MIP-1α expression is also inhibited, and it has been hypothesized that IL-1β release at the site injured in HIE may initiate astrocytes, microglia, and neurons to secrete MCP-1 and MIP-1α (Guo et al., 2004; Jiang et al., 2008). Whether through the activation of MCP-1 and MIP-1α, or other pathways, it has been shown that pre-stimulation with IL-1β increases migration of murine MSCs in a dose-dependent manner (Sullivan et al., 2014).

Stem Cell Adhesion {#sec1-4}
==================

Once stem cells migrate to target tissues, molecules involved with cell adhesion allow the stem cells to adhere to other cells or the extracellular matrix surrounding them. The main HIE biomarkers that have roles in stem cell adhesion are ICAM-1, VCAM-1, and MMPs.

ICAM-1 & VCAM-1 {#sec2-13}
---------------

ICAMs and VCAMs are expressed on vascular endothelial cells and have roles in leukocyte attachment and trans-endothelial migration at inflammatory sites through binding to integrins (Aricescu and Jones, 2007). ICAM-1 is secreted by vascular endothelial cells in HIE. Levels are significantly elevated on days 3--7 post-insult in human neonates with HIE, and increasing levels correlate with worse prognosis (Huseynova et al., 2012; Huseynova et al., 2014). ICAM-1 expression is also increased after exposure to various inflammatory cytokines, including IL-1β, TNFα, interferon-gamma (IFN-γ), and endotoxin (Lv et al., 2015). VCAM-1 is also elevated in the first week following HIE in human neonates, *versus* elevations within the first 48 hours in the rat model of neonatal HIE (Huseynova et al., 2012; Li et al., 2015).

VCAM-1 and ICAM-1 both act as ligands for the β-1 integrin very late activating-antigen-4 (VLA-4) and the β-2 integrin leukocyte function antigen-1 (LFA-1) expressed by MSCs and HSCs. Their roles have been elucidated in studies showing that antibodies to VCAM-1 and VLA-4 can prevent stem cell homing (Papayannopoulou and Craddock, 1997; Vermeulen et al., 1998). MSCs have been demonstrated to adhere to endothelial cells *via* binding and rolling mediated through P-selectin followed by VLA-4/VCAM-1 dependent trans-endothelial migration. Adhesion of MSCs to endothelial cells is significantly diminished when a VLA-4 or VCAM-1 inhibitor is used (Ruster et al., 2006; Steingen et al., 2008).

MMPs {#sec2-14}
----

In addition to MMP-9's role in stem cell mobilization, it also functions in stem cell adhesion. MMPs degrade the extracellular matrix and allow stem cells to migrate through basement membrane barriers. When secretion of MMP-9 and MMP-2 is induced by SDF-1 and other growth factors, HSCs migration through basement membrane barriers along the SDF-1 gradient is enhanced (Marquez-Curtis et al., 2011). Membrane type 1 MMP (MT1-MMP) is expressed by bone marrow mononuclear cells and circulating human CD34^+^ stem cells and can be activated by SDF-1 and G-CSF (Janowska-Wieczorek et al., 2000; Vagima et al., 2009). MT1-MMP has been demonstrated to be important in both SDF-1-induced and SCF/c-kit-induced migration, mobilization, and homing of stem cells (Avigdor et al., 2004; Shirvaikar et al., 2004; Vagima et al., 2009).

Stem Cell Proliferation {#sec1-5}
=======================

As circulating stem cells appears to act, at least in part, through paracrine mechanisms rather than adhesion and direct tissue integration, it is important to also discuss stem cell paracrine effects such as the effects on endogenous cell proliferation. There exists a complex interaction between circulating stem cells and the neural stem cell niche, however, that is beyond the scope of this current review. For more information on the factors involved in altering stem cell survival and differentiation, we would direct the reader to previously published manuscripts which fully review those topics (Decimo et al., 2012; Ruddy and Morshead, 2018).

IL-6 {#sec2-15}
----

IL-6 is another pro-inflammatory mediator that at high levels can also cause inflammation, enhance vascular permeability, and increase secondary cerebral edema (Lv et al., 2015). IL-6 is released from microglia, astrocytes, and neurons (Saliba and Henrot, 2001) in response to brain injury, and levels are significantly higher in the cord blood and CSF of neonates with HIE, with increasing plasma IL-6 levels associated with increasing HIE severity (Chiesa et al., 2003; Aly et al., 2006; Orrock et al., 2016). Serum samples of IL-6 were elevated at 24 and 72 hours in infants with HIE and were correlated with adverse outcome (Orrock et al., 2016). IL-6 levels are also elevated in human neonates with HIE in serum and CSF samples drawn within 24 hours of birth., and increased CSF IL-6 levels correlated with worse neurologic outcomes at 6 months of age and increased mortality rate (Aly et al., 2006).

Like many other pro-inflammatory cytokines, IL-6 also functions paradoxically as a neuroprotective mediator by inhibiting the production of TNFα and IL-1β and through increasing neural growth factor release (Lv et al., 2015) and promoting proliferation of neural stem progenitor cells (Covey et al., 2011; Pimentel-Coelho et al., 2012). In a neonatal rat model of HI-injury, addition of IL-6 enhanced neuronal growth and self-renewal NPCs, and NPC numbers were reduced with addition of IL-6 inhibitor (Covey et al., 2011).

VEGF {#sec2-16}
----

In addition to VEGF's role in stem cell migration, it also induces stem cell proliferation. VEGF functions to protect the cerebral cortex from hypoxic injury and promote survival, repair, and regeneration of neurons in the cerebral cortex when hypoxic injury does occur. VEGF also causes proliferation and angiogenesis of vascular endothelial cells and enhances the proliferation of NPCs (Jin et al., 2002b; Sun et al., 2010; Dzietko et al., 2013). Intracerebral injection of VEGF led to increased endothelial proliferation, increase in total vessel volume, and reduced brain injury following neonatal ischemic stroke in a neonatal rat model (Dzietko et al., 2013). In a similar animal model, rats transplanted with VEGF-transfected NPCs post HI-injury had improved learning and memory abilities at 30 days (Yao et al., 2016).

Conclusion {#sec1-6}
==========

Stem cell transplant has shown promise as a therapy for neonatal HIE, but further research is needed to prove its safety and efficacy. One of the ways that efficacy of stem cell transplantation may be improved in the future is through the alteration of the stem cells and upregulation of certain factors to optimize migration, adhesion, and differentiation. It will be important for future investigations of MSC manipulation to assess not only the effects on the injured tissue, but also the effects on the upregulated factors on healthy tissue (trapping of cells in the microcirculation of the lung, effects on the immune system, *etc*.). By examining the factors that are naturally elevated after neonatal HI brain injury, we hope to better understand the interactions between the injured tissue and the endogenous stem cells. Understanding the interactions of these biomarkers with stem cells opens the door to future research into manipulating these biomarkers to advance the success of stem cell treatments in neonates with HIE.
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